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Summary
Children and adults residing at high altitude (HA) compared to low altitude (LA) have larger lung 
volumes; however, it is unknown whether this response to chronic hypoxia begins early in life. 
Our objective was to determine whether infants and toddlers at HA have larger lung volumes 
compared to infants and toddlers at LA. Oxygen saturation (SaO2), functional residual capacity 
(FRC), as well as serum levels of vascular endothelial growth factor (VEGF) and erythropoietin 
(EPO) were measured in infants and toddlers from HA (N = 50; 3,440 m) and LA (N = 35; 440 
m). There were no significant differences in somatic size for HA and LA subjects; however, HA 
subjects had significantly lower SaO2 (88.5% vs. 96.7%; P < 0.0001). Subjects at HA had 
significantly greater FRC compared to subjects at LA (group mean: 209 and 157 ml; P < 0.0001), 
adjusting for body length. Male infants at HA had a significantly greater FRC compared to males 
at LA (57 ml; P-value < 0.001); however, the increase in FRC for females at HA compared to LA 
was not significant (20 ml; P-value = 0.101). VEGF and EPO were significantly higher for 
subjects at HA compared to LA with no gender differences. In summary, infants and toddlers at 
HA have lower oxygen saturations, higher serum levels of VEGF and EPO, and higher FRC 
compared to subjects at LA; however, chronic hypoxia appears to generate a more robust response 
in lung growth in male compared to female infants early in life.
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Introduction
Children, adolescents, and adults residing at high altitude (HA) since birth exhibit increased 
lung growth in response to chronic hypoxia; subjects at HA have larger lung volumes and 
greater pulmonary diffusing capacities compared to subjects residing at sea-level.1–5 This 
response occurs in subjects whose ancestors have resided at HA for thousands of years, as 
well as those with only a few generations at HA, such as Europeans; therefore, physiologic 
adaption to HA can occur within an individual lifetime and not limited to native 
populations.3,6,7
Although infants and toddlers residing at HA are also exposed to chronic hypoxia, there 
have been no measurements of lung volumes in these very young subjects to determine 
whether increased lung growth begins early in life versus occurring at an older age when 
there are significant increases in physical activity and metabolic requirements. If lung 
growth is stimulated by chronic hypoxia early in life, then understanding the mechanisms 
for increased lung growth in infants may provide important insights for developing 
therapeutic interventions for infants born with an arrest in alveolar development following 
extreme premature birth or infants born with congenital hypoplastic lungs.
We hypothesized that chronic hypoxia from residing at HA would stimulate lung growth 
early in life. In addition, we hypothesized that infants exposed to a chronic hypoxic 
environment from early in life would have elevated serum levels of growth factors that are 
downstream of hypoxic inducible factor (HIF), which regulates many important physiologic 
responses to hypoxia. We measured serum levels of two downstream growth factors of 
hypoxia-inducible factor (HIF), vascular endothelial growth factor (VEGF), which is critical 
for lung development, and erythropoietin (EPO), which modulates erythrogenesis.8–10
Materials and Methods
Subjects
Healthy infants and toddlers between 1 and 24 months of age were recruited for this study. 
The HA subjects were born and raised at an elevation of 3,440 meters above sea level (masl) 
in La Quiaca-Jujuy-Argentina. The low altitude (LA) subjects were recruited in Tucumán, 
Argentina at an elevation of 440 masl. The HA and LA cities are both located in the 
northwest part of Argentina. Subjects from both study sites had similar ancestry, based upon 
family surnames and ethnicity. Subjects were excluded if they were born premature (<37 
weeks gestation) or had a history of respiratory problems. Subjects were recruited between 
2008 and 2011.
The protocol was approved by the Bioethics committee from the Faculty of Medicine of the 
National University of Tucuman, Argentina, the Bioethics Committee from the Ministry of 
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Health from Jujuy, Argentina and the Institutional Review Board from Indiana University, 
Indianapolis IN, USA. Written consent was obtained from parents of infants evaluated.
Study Design
Infants from HA were evaluated in the Hospital Jorge Uro in La Quiaca, while infants from 
LA were evaluated in the Hospital del Niño Jesus, Tucumán. Weight and length were 
measured using a scale and stadiometer. Subjects received sedation with chloral hydrate 
(50–75 mg/kg, PO) and measurements were obtained while sleeping in the supine position. 
Heart rate, respiratory rate, and percentage oxygen saturation (SaO2) were recorded during 
sleep.
Functional Residual Capacity (FRC) was measured during tidal breathing using the constant 
bias flow open circuit nitrogen washout technique, as previously described.11–15 At end-
expiration, a valve switched the inspired gas from room air to 100% oxygen, and the bias 
flow of oxygen and the expired gas entered a 500 ml Plexiglas mixing chamber where the 
mixed expired N2 concentration was continuously measured with a calibrated N2 analyzer 
(Med Science, St. Louis, MO) at the outlet of the chamber. The constant bias flow of oxygen 
was set with a precision flow meter (Timeter Instruments, Michigan City, IN) and the analog 
signal of the fractional nitrogen concentration was digitized by a 12bitA-Dconverter, 
displayed on the computer monitor in real time, and stored for subsequent integration of the 
mixed expired nitrogen signal during the washout. The nitrogen analyzer was calibrated with 
room air and 100% oxygen and the volume of nitrogen expired during the washout was 
calculated from the integrated mixed expired nitrogen signal during the washout. The 
washout circuit was calibrated by washing out known volumes of room air using a calibrated 
syringe. For each subject, four washout maneuvers were performed with a 5-min interval 
between each maneuver to allow re-equilibration with room air. FRC was calculated as the 
expired nitrogen volume divided by the difference of the initial and final nitrogen 
concentrations (0.79% and 0.00%, respectively), corrected for dead space volume of mask 
and switching valve (12 and 30 ml for the smaller and larger facemask, respectively), and 
expressed at body temperature and pressure, saturated conditions (BTPS). The individual's 
FRC was expressed as the mean of FRC values within 10%. The same nitrogen washout 
equipment for measuring FRC was used for HA and LA and calibration was performed prior 
to each HA and LA study.
Five milliters of venous blood was obtained and serum samples from HA and LA subjects 
were frozen for subsequent analysis of VEGF and EPO by Elisa (R&D system, Minneapolis, 
MN).
Analysis
Mean and standard deviations (SD) were used to present continuous variables and unpaired 
t-tests were used to compare demographics between groups. Analysis of respiratory 
measurements and serum growth factors was performed using analysis of covariance 
(ANCOVA) adjusting for body length and included an interaction term between Altitude 
and gender. The ANCOVA model with an interaction term allows evaluation of gender 
specific altitude effect. VEGF and EPO levels were log transformed for analysis.
Llapur et al. Page 3
Pediatr Pulmonol. Author manuscript; available in PMC 2015 January 23.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
Results
Demographics
We evaluated a total of 88 infants and toddlers; however, three infants did not sleep 
following chloral hydrate and measurements were not obtained. FRC was measured in 50 
subjects from HA and 35 subjects from LA. There were no significant differences for 
gender, age, weight, or body length between the HA and LA groups (Table 1). When HA 
and LA groups were divided by gender, there were no significant differences in 
demographics for HA versus LA males and no significant differences in HA versus LA 
females.
Oxygen Saturation and Respiratory Rate
Infants and toddlers at HA had significantly lower oxygen saturations while sleeping 
compared to subjects at LA (88.5% vs. 96.7%; P < 0.0001) and oxygen saturation was not 
related to body length. This difference in oxygen saturation was present for males and 
females; there were no significant gender differences at HA or LA.
Respiratory rate (breaths per minute [BPM]) decreased with increasing body length (P < 
0.0001) and after adjusting for body length, there was no significant difference for subjects 
at HA versus LA (29.7 BPM vs. 29.5 BPM; P = 0.13). Males had a very small, but 
statistically significant higher respiratory rate compared to females (30.6 BPM vs. 28.8 
BPM; P < 0.05); however, the interaction term for gender by altitude was not significant (P 
= 0.265).
Functional Residual Capacity
Individual values of FRC versus body length for male and female subjects at HA and LA are 
presented in Figure 1. All four groups demonstrated a significant increase in FRC with 
increasing body length. When groups were compared adjusting for body length, subjects at 
HA had significantly greater FRC compared to subjects at LA (group mean: 209 ml vs. 157 
ml; P < 0.0001). There was also a significant interaction term for altitude by gender (P < 
0.036). When analyzed by ANCOVA for gender specific effect adjusting for body length, 
males at HA had a significantly greater FRC compared to males at LA (group mean: 223 ml 
vs. 144 ml; P-value < 0.001); however, the difference in FRC for females at HA compared 
to females at LA did not achieve significance (group mean: 196 ml vs. 168 ml; P-value = 
0.101). Males at HA also had a significantly greater FRC compared to females at HA (group 
mean: 223 ml vs. 196 ml; P = 0.021); however, there was not a significant difference in FRC 
for females at LA compared to males at LA (group mean: 168 ml vs. 144 ml; P = 0.411).
Serum VEGF and EPO
Mean values of log VEGF and log EPO for subjects at HA and LA are presented in Figure 
2A and B. Log VEGF was significantly higher for infants and toddlers at HA compared to 
LA (0.137; P < 0.0026) after adjusting for body length; gender was not significant (P = 
0.371). Log EPO was also significantly higher for infants and toddlers at HA compared to 
LA (0.34; P < 0.032) after adjusting for body length; gender was not significant (P = 0.361). 
Llapur et al. Page 4
Pediatr Pulmonol. Author manuscript; available in PMC 2015 January 23.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
Serum levels of VEGF and EPO were not associated with FRC adjusted for body length and 
gender.
Discussion
Our study is the first to demonstrate that infants and toddlers residing at HA have increased 
lung volumes compared to subjects residing at LA. Previous studies have demonstrated that 
older children and adults born and raised at HA have larger lung volumes than subjects at 
sea level;1–5 however, our findings indicate that this response to chronic hypoxia starts very 
early in life. In addition, our results suggest a gender difference in the response to chronic 
hypoxia early in life. We also found that serum levels of VEGF and EPO were significantly 
higher in infants and toddlers at HA compared to subjects at LA. These results indicate that 
chronic hypoxia from residing at HA increases hypoxia inducible growth factors and lung 
growth very early in life.
For infants and toddlers born and residing at HA, FRC increased with increasing body 
length; however, after adjusting for body length, infants and toddlers at HA had significantly 
greater FRC compared to subjects at LA. Our findings in infants and toddlers are consistent 
with the increased lung volumes found in older children and adults at HA compared to those 
at LA, thus indicating that the effects of chronic hypoxia upon lung growth begin very early 
in life.1–5 Increased lung growth early in life is more likely to be secondary to an increase in 
alveolar number, rather than an increase in alveolar size; however, we are not aware of any 
human histologic data either in children or adults comparing lung parenchymal structure in 
subjects at HA versus LA. There are animal studies that demonstrate increased lung volume, 
pulmonary diffusing capacity, and surface area for gas exchange for animals raised at HA 
compared to animals raised at LA, and acinar structural changes that developed at HA 
persisted for years after animals were returned to LA.16–19 The infants we evaluated ranged 
in age from 1 to 24 months and we did not evaluate newborns. Therefore, we were not able 
to determine whether infants at HA had larger FRC at birth, although extrapolation of our 
data to a younger age suggests that lung volume might still be higher at an even younger age 
than we assessed. We are not aware of any previous studies assessing lung volumes in 
infants or newborns at HA; however, Mortola et al.20 compared the compliance of the 
respiratory system (CRS) of newborns at HA and LA. These investigators reported a 35% 
greater CRS in newborns at HA compared to newborns at LA, which is similar in magnitude 
to the increase in FRC that we found in our infants and toddlers at HA compared to LA. 
Therefore, the increased CRS as a newborn at HA may be secondary to an increased FRC 
that may have occurred in utero. HA infants may have a normal specific compliance (CRS/
FRC), which would be consistent with the findings in adults that the pulmonary pressure 
volume curves obtained from adults at HA and LA do not differ when normalized for lung 
volume.21 Cumulatively, these studies indicate that subjects at HA have increased lung 
volumes very early in life and this effect may be initiated in utero.
We also found an interaction between Altitude and gender. When analyzed by gender, males 
at HA had greater lung volumes than males at LA; however, there was not a significant 
difference in lung volumes for females at HA versus females at LA. Males at HA also had 
larger lung volumes than females at HA; however, there was no gender difference in FRC at 
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LA. Among older children and adults residing at sea-level, males have larger lung volumes 
than females after adjusting for body length; however, this gender difference does not 
appear to be present very early in life,22–24 which is consistent with our current findings at 
LA. While the FRC of female infants and toddlers tended to be higher at HA compared to 
LA, the difference was not statistically significant. As older female children and adults at 
HA have larger lung volumes than females at LA, chronic hypoxia does stimulate lung 
growth in females.1–5 A much larger sample size would probably have enabled us to detect a 
significant increase in FRC for female infants and toddlers at HA; however, the effect of 
chronic hypoxia upon lung volumes early in life was much more robust in males than 
females at HA, which does not appear to occur at LA. Adults at HA exhibit larger lung 
volumes relative to their airway size when compared to subjects at LA, which has been 
referred to as dysanaptic lung growth.21 Gender differences also produce dysanaptic lung 
growth, as females have smaller airways than males with the same lung volumes.25 Our 
findings suggest that chronic hypoxia at HA accelerates gender differences in dysanaptic 
lung growth very early in life.
As expected, our subjects at HA had significantly lower oxygen saturations compared to 
subjects at LA, which is expected and consistent with previous studies of infants and 
children at HA.26–29 However, neither our study nor previous studies found difference in 
oxygen saturation between male and female infants at HA. While the chronic hypoxia 
resulted in higher serum levels of VEGF and EPO compared to subjects at LA, there were 
not gender differences in the VEGF and EPO. Healthy newborns at sea level have been 
reported to have VEGF concentrations in cord blood that are higher than the levels in 
maternal serum. In addition, infant serum levels of VEGF at 1 and 4 days of age are higher 
than levels in cord blood, which suggests VEGF is produced by the neonate.30 Therefore, 
our observed higher serum levels of VEGF in infants at HA compared to infants at LA 
reflects an overall systemic response by the infant to chronic hypoxia and may account for 
the absence of significant correlations between these growth factors and FRC. Both VEGF 
and EPO are downstream of hypoxia inducible factor (HIF), which is an important regulator 
of the response to hypoxia, as well as an important modulator of lung growth.8–10 Rats 
exposed to chronic hypoxia have increased serum levels of VEGF, as well as increased 
VEGF within the lung tissue compared to rats exposed to normoxia.31 We were not able to 
directly assessed VEGF in the lungs of our infants, which may account for our not finding a 
significant correlation between serum VEGF and FRC.
Estrogen and androgen receptors are expressed in the lung and sex hormones are important 
determinants of lung growth and development during fetal and postnatal life. Estrogens, 
which have stimulatory effects on lung maturation,32,33 can induce angiogenesis by the 
promotion of VEGF expression,34–36 and can modulate alveologenesis.37–40 While serum 
levels of estrogen and androgen are very low during infancy, these hormones are present and 
we are not aware of studies that have evaluated whether sex hormones or their receptors are 
altered early in life under conditions of chronic hypoxia. While we found that chronic 
hypoxia produced an increase in the lung volumes for male, but not female infants at HA, 
our study is not able to determine whether the increase in lung volume is associated with 
increased angiogenesis and increased pulmonary surface area for diffusion early in life.
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There are several limitations to our study. Our measurements of FRC were obtained using 
the bias flow open-circuit washout technique that we have previously demonstrated provides 
similar FRC values as a closed circuit helium equilibration technique in this very young age 
group.11 This methodology provided the advantages of using a few, simple components that 
were easily transported between the LA site and the remote HA site in the Andes. The 
technique does not monitor tidal volume during the washout, as there is no 
pneumotachometer in the circuit; however, not using a pneumotachometer eliminates the 
potential problems with adjusting for differences in the physical properties of the gases at 
HA versus LA. Our measurements were obtained while subjects were sleeping with chloral 
hydrate sedation, which is commonly used in this very young age group, who cannot 
actively cooperate in performing pulmonary function tests. Chloral hydrate does not appear 
to significantly affect FRC, although it can have a small affect upon respiratory rate and 
tidal volume.41–43
In summary, we found that infants and toddlers at HA have lower oxygen saturations, higher 
serum levels of VEGF and EPO, and higher FRC compared to subjects at LA. In addition, 
although males and females infants and toddlers at sea level do not differ in FRC, we found 
that male, but not female infants and toddlers at HA demonstrated significantly larger FRC 
than similar gender subjects at LA. Chronic hypoxia from residing at HA appears to 
generate a more robust response in lung growth in males compared to females early in life. 
Detailed studies of newborns followed longitudinally are required to evaluate the relative 
contributions of the in utero and postnatal environments upon lung growth and development. 
Understanding the mechanisms that contribute to the increased lung volumes with chronic 
hypoxia, as well as gender differences early in life, may provide strategies to target 
compensatory lung growth in infants with lung disease,44 as well as account for gender 
related differences in lung diseases from infancy to adulthood.45,46
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Fig. 1. 
Functional residual capacity (FRC) for infants and toddlers versus body length (cm) for 
males and females at high altitude (HA) and low altitude (LA). FRC adjusted for body 
length was significantly greater for infants and toddlers at HA compared to LA (P < 0.0001). 
When analyzed by gender, males at HA had significantly greater lung volumes compared to 
males at LA (P < 0.0001), as well as females at HA (P < 0.021). However, there were no 
significant differences in lung volumes for females at HA compared to females at LA (P = 
0.1008), nor females at LA versus males at LA (P = 0.4109).
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Fig. 2. 
Comparison of vascular endothelial growth factor (VEGF) and erythropoietin (EPO) for 
infants and toddlers at high altitude (HA; black bars) compared to low altitude (LA; grey 
bars) for males and females. A: Serum levels of log VEGF were significantly higher for 
infants and toddlers at HA compared to LA. The effect of HA was present for both males 
and females analyzed separately, while there were no significant differences between males 
and females at HA or LA. B: Serum levels of log EPO were significantly higher for infants 
and toddlers at HA compared to LA. The effect of HA was present for males, while the 
difference for females approached statistical significance (P = 0.06). There were no 
significant differences between males and females at either HA or LA.
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